Iron-alkynyl-helicenes: redox-triggered chiroptical tuning in the vibrational and telecommunication domain
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Molecular engineering combining helicene and organometallic chemistry has recently given access to multifunctional chiral systems displaying strong chiroptical properties and other functions furnished by the metal. [1, 2] This new strategy is of great interest for many optoelectronic applications.
[3] An interesting class of organometallic complexes are aryl-alkynyliron systems which display facile electron transfer [4] enabling the redox-triggering of their optical properties (NLO-activity, [4e,5a-c] luminescence, [5d,e] absorption and colour [5f] ). In this communication, we describe unprecedented helicene-ethynyl mono-and bis-Fe(II) complexes 2a and 2b grafted respectively with one or two electroactive [Fe(  -dppe)(  -C5Me5)] fragments
3
[6] (Scheme 1) and their use as efficient redox-triggered chiroptical molecular switches. [7] We demonstrate for the first time how the chiroptical properties in the vibrational and telecommunication domains, by means of vibrational circular dichroism (VCD), [8] Resonance Raman Optical Activity (RROA), [9] as well as the molar rotation (MR) and electronic CD (ECD) at 1.54 microns, are influenced upon oxidation to radical cationic species. The helicene-based mono-and bis-Fe(II) complexes (rac,M,P)-2a,b were prepared as air-stable red solids in good yields (51-77%) from alkynyl-[6]helicene ligands (rac,M,P)-1a,b, [2e,g] and 3-Cl [6a] (Scheme 1). The synthesis proceeds via the formation of cationic iron-vinylidene intermediates followed by their deprotonation to the neutral complexes 2a,b.
[6] The
Supporting Information (SI) provides a full characterization. M-2a and (±)-2b crystallized in the P21 and P-1 space group, respectively. Their X-ray structures (Scheme 1, SI) show regular metric data for the piano-stool iron part (classical lengths for the Fe-C, C≡C and C-C2 bonds ca. 1.89, 1.22-1.23 and 1.42-1.43 Å), [6] and classical helical angles for [6]helicenic ligands (53.1-60.5°).
[2] The linearity of the ethynyl fragments ensures an efficient -conjugation between the helicene and the iron (angles Fe-C-C of 173.7° and C-C-C2 of 175.0°). The chiroptical properties upon grafting one or two electroactive Fe (by way of fragment 3) to a helicene-alkynyl moiety are strongly modified. For instance, the ECD spectrum of P-2b shows typical helicene bands i.e. an intense negative band at 300 ( = -125 M -1 cm -1 ) and strong positive bands at 337 ( = +110 M -1 cm -1 ) and 386 nm ( = +78 M -1 cm -1 , Figure 1 ). An additional intense broad positive band at 506 nm ( = +68 M -1 cm -1 ) corresponds to the HOMO→LUMO transition and affords charge transfer from fragment 3 to the helicene, as assigned by time-dependent density functional theory (TDDFT, [10] Figure 2 and SI). The HOMO of 2b mainly extends over 3, while the LUMO is mainly a helicene   orbital.
Cyclic voltammetry shows one reversible oxidation wave at -0.144 V (vs. SCE) for 2a and two waves at -0.180 V and -0.089V for 2b (SI). The one-(2a) and two-electron (2b) oxidation processes were monitored by ECD [2c,e] (Figure 1c and SI). [2c,e,3b,7] Relative to their organic precursors, 2a,b display molar rotations (MRs) (D-line, 589 nm) that are strongly enhanced by the proximity to an electronic resonance (e.g. P-2b (P-1b [2c,e] ): (22230))).
Upon oxidation, the MRs of 2a,b undergo a strong (4 to 10-fold) decrease in magnitude. This can be rationalized by the corresponding changes in the ECD spectrum around 500 nm, which have a compensating effect on the optical rotation (e.g. P- Stimulus-responsive materials in the telecommunication domain may be of great interest for transmitting encoded information. [11] Interestingly, using an in-house developed (Figure 1d ). These drastic changes illustrate well the potential of efficiently tuning or even reversing chiroptical properties at telecommunication wavelengths while keeping the integrity of the helical backbone. They can be rationalized by the presence of ECD-active electronic excitations around 1.54 m for the oxidized species, which results in anomalous OR dispersion that can change the sign of the OR. [10b,12] This case therefore constitutes a new type of redoxtriggered chiroptical switch using a clear output tag at 1.54 m i.e. outside the more common wavelength regions. Apart from electronic ECD and optical rotation, vibrational optical activity, i.e. VCD and ROA, [12] provide additional molecular level information related to the chirality and redox switching. Figure 3 shows the IR and VCD spectra of enantiopure complexes M-and P-2b and M-and P-[2b] 2+ .
Several interesting spectroscopic features are found. In particular, (i) a strong IR and VCD-active mode at 2046 cm -1 corresponding to the CC stretch, with positive VCD sign, (ii) two negative-positive signatures at 1595-1566 and 1500-1485 cm -1 belonging to C=C stretches coupled with CCH bending (SI).
[2d]
Upon chemical oxidation with iodine, the CC stretching band appears split and at lower wavenumbers (1996 and 2032 cm -1 ), probably due to Fermi coupling, [6b] with a negative-positive VCD pattern. The wavenumber decrease is probably due to delocalization of the hole into the acetylene spacer which thus acquires some cumulenic C=C=Fe character. More interestingly, a 30-fold increase of the dissymmetry factor is observed upon oxidation (g =  from 3.10 -4 to 10 -2 ). The strong enhancement supports the presence of electron spin density within the CC moiety which may give rise to stronger magnetic transition dipole moments within the vibrational transitions. Indeed, the paramagnetic character of radical cationic species P- [2a] + and
P-[2b]
2+ are clearly evidenced by susceptibility and 1 H NMR measurements (SI) and calculations show how spin density delocalizes from the metal into the helical backbone ( Figure  S40 ). Low-lying electronic states can also account for such enhancement. [13] To our knowledge this is the first time that such an increase is observed upon modifying the electron density of a helicenic species. Note that other modifications are observed in the 1600-1450 cm -1 region, and very similar trends were obtained for the monometallic complex 2a (SI). To date, (Resonance) Raman and ROA spectroscopy, [12] which are complementary techniques to IR and VCD, are far less utilized in helicene chemistry and in coordination chemistry. [9] For 2a,b (Figure 4 , SI), three modes were found to be strongly Raman active: the G-mode (graphene-like CC stretching mode) at 1594 cm -1 , the D-mode (diamond-like CC breathing mode) at 1355 cm -1 and the CC stretching mode at 2046 cm -1 . [9a,14] Noteworthy, all ROA bands display the same sign, i.e. negative for the P enantiomers and all positive for the M ones. The experimental wavelength used for measurements (532 nm) coincides with an electronic absorption band of the spectra for both 2a and 2b, which implies that what we observe is resonant ROA (RROA). [12, 15] The RROA signals are: i) monosignate; ii) of reverse sign as the ECD band at the 532 nm resonant Raman excitation; and iii) the dissymmetry factors g of the ECD regarding those of the RROA overall follow a g(RROA) =  g(ECD)/2 relationship. For instance, 2+ the RROA bands have g = -0.002 while the corresponding value for the ECD is g = +0.004. These features are in agreement with the ROA expected for a single electronic state resonance situation. [15] Here again, iodine oxidation provokes significant modifications of the Raman and ROA spectra, and complementarily to VCD shows that not only the CC stretching mode is affected (changing from 2046 to 1988 cm -1 ) but also the G-and D-modes (Figure 4 , SI) confirming the involvement and alteration of the conjugated structure within the helicene core. To our knowledge, this is the first time where ROA is used for examining modifications upon redox changes. This technique may be useful for studying other chiral systems such as chiral fullerenes or carbon nanotubes. [14] In summary, we have shown that while keeping the integrity of their structure, organometallic helicenes can invert their optical rotation at 1.54 microns upon oxidation. Furthermore, VCD and ROA spectroscopy provide molecular level description of the effect of redox neutral→cation switch at the origin of the several 10-fold magnitude increase along with frequency shifts. The switching described in the present article demonstrates the possibility to select the dichroic signal of an incoming circularly polarized light beam in the vibrational and telecommunication domain. Presently, light encoding processes for optical information treatments are achieved by ultrafast optical switching. Future research will need to focus on improving the speed of the switching processes in solid-state device prototypes. 
